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Neurovascular niches serve as the hosts for adult neural stem cells in both the hippocampus and subventricular zone.
The rostral migratory stream (RMS) vasculature has been found to be important for neuroblast migration, while its
roles in hosting putative neural stem cells have not been investigated. Here we investigated the organization of RMS
vasculature and its contribution to the production of new neurons. A single pulse of bromodeoxyuridine (BrdU)
administration revealed locally formed new neurons within RMS were located adjacent to blood vessels. In addi-
tion, BrdU label-retaining cells that are putative neural stem cells were also found close to the vasculature. Sodium
fluorescein perfusion assay demonstrated that the blood–brain barrier (BBB) organization was especially “leaky” in
the neurogenic niches. Immunohistochemical visualization of some BBB component molecules indicated a thinner
BBB in the RMS region, compared to that in the frontal cortex of adult rats. Finally, the expression of vascular
endothelial growth factor was strong and specialized in the RMS region, implying that the region was active in cell
proliferation and migration. Here we show that the RMS vasculature associated with surrounding astrocytes
provides a highly organized neurovascular niche for adult neural stem cell proliferation, in addition to the function
of neuroblast migration support. This result points to a new vasculature supporting neurogenic region in the brain.
Key words: Rostral migratory stream (RMS); Adult neurogenesis; Vasculature; Stem cell niche; Astrocyte;
Blood–brain barrier (BBB)
INTRODUCTION
Adult neurogenesis persists in mammalian brain. Previ-
ous studies showed that new neurons were consistently gen-
erated in the dentate gyrus of hippocampus and in the
subventricular zone (SVZ). Neurogenesis in the hippocam-
pus led to the formation of new granule cells, which might
participate in learning and formation of new memories,
while new neurons generated in the SVZ could migrate
along the rostral migratory stream (RMS) to the olfactory
bulb (OB), where they would finally differentiate into
interneurons and replace dead cells in the OB (24,25,45).
Recent studies further demonstrated that the RMS could
also give rise to new cells in the OB in adult mice, which
is independent from SVZ neurogenesis processes (3).
Additionally, some isolated cells from the RMS region
were found to have multipotent stem cell properties (14).
However, the structural bases of this potential neurogenic
area have not been fully investigated.
During embryonic brain development, the intermediate
progenitor cells (IPCs) locate closely to nascent blood
vessels and divide near the vessels (17,36). It is found
that the radial glia-secreted vascular endothelial growth
factor (VEGF) guides the angiogenesis and therefore the
positioning of IPCs (17). The tight association between
angiogenesis and neurogenesis was found in adult song-
bird brain as well as in the suprachiasmatic nucleus (22).
In adult mammalian neurogenesis, the roles of vasculature
has been acknowledged in both the hippocampus and SVZ
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(30,38), as well as the postinjury neurogenesis processes
(33). Previous studies found that the RMS vasculature
provided the scaffold for neuroblast migration by setting
up a brain-derived neurotrophic factor (BDNF) gradient,
guiding the migration of new neurons (35,40). The pres-
ent study aimed to examine the contribution of RMS vas-
culature to local neurogenesis. The results showed that
the RMS vasculature with its “leaky” blood–brain barrier
(BBB) is specialized for adult neurogenesis, Putative neural
stem cells existed in the RMS region and located adjacent
to blood vessels. The secretion of VEGF by surrounding
astrocytes might be one master molecule in shaping the
area of vasculature niche. The tight interactions of neural
stem cells and associated vasculature structures would sug-
gest that RMS is an independent and specialized neuro-
genic niche during adult neurogenesis.
MATERIALS AND METHODS
Animals
A total number of 60 adult (2 months old) male or
female Sprague–Dawley rats were used for all experi-
ments. All surgical procedures were approved by the Ani-
mal Research Ethic Committee for the Use of Live
Animals in Teaching and Research at the University of
Hong Kong. The animals were provided by the Labora-
tory Animal Unit of the University of Hong Kong (Hong
Kong, China).
Bromodeoxyuridine (5-Bromo-2-Deoxyuridine, BrdU)
Label-Retaining Cells Assay
Rats were given a single or multiple (six times in 12 h)
doses of BrdU (Sigma, Hong Kong, China), 100 mg/kg
in 0.9% saline solution, intraperitoneal injection, to label
proliferating cells. The rats were sacrificed either 2 h post-
injection (with single injection, n = 20) or 1 month post-
injection (with six times injection, n = 20).
Tissue Processing
The rats were sacrificed with an overdose of sodium
pentobarbital (160 mg/kg; Sigma) and then subjected to
transcardiovascular perfusion through the left ventricle with
0.9% saline solution for 5 min. An incision was made on
the right atrium to release the pressure. After perfusion,
brains were immediately removed, oriented on a cold metal
plate holder with embedding medium OCT (Tissue-Tek,
Sakura, Alphen aan den Rijn, Netherlands), and frozen
in liquid nitrogen. Then 40-µm frozen sections were cut
on a Leica cryostat (Leica, Wetzlar, Germany) at the tem-
perature of −16°C, dried at room temperature, and fixed
in a mixture of acetone (Sigma) and ethanol (3:1) for
10 min at room temperature. The sections were washed
in 0.01 M phosphate-buffered saline (PBS) (prepared in
the laboratory; all reagents purchased from Sigma) prior
to immunohistochemistry.
Sodium Fluorescein Perfusion Assay
To determine the leakiness of the blood vessels in the
RMS and the OB, one group of animals (n = 10) was
transcardiovascularly perfused for 5 min with 1 g/L sodium
fluorescein (Sigma) diluted in 0.9% saline solution that
was modified to increase signal-to-noise ratio from the
previously described procedure (16).
Ink–Gelatin Perfusion Assay
Sacrificed rats were transcardiovascularly perfused with
37° Indian ink (Factfish, Hong Kong, China) with 3%
gelatin (20 ml; Sigma) followed by 37° Indian ink with 5%
gelatin (30 ml) for visualization of microblood vessels in
the brain (n = 10). Successful perfusion was indicated by
blackening of the eyes, snout, and ears. Then the main
artery was closed with forceps, and the rat was immersed
in icy water for 20 min. The brain was then dissected out
and postfixed in 4% paraformaldehyde (PFA; Sigma) in
0.1 M PB overnight at 4°C. The tissues were cryoprotected
with 10%, 20%, and 30% sucrose (Sigma) solution in 0.1 M
PB. Finally, the tissue was cut on a Leica microtome at the
thickness of 40 µm, and the frozen sections were mounted
on precoated slides (Dako, Hong Kong, China).
Immunohistochemistry
Sections were processed for immunohistochemistry using
different reagents for specific visualizations as described
below. However, the pretreatment steps were similar and
are as follows. Sections were washed in 0.01 M PBS for
5 min before immersion in a blocking solution containing
0.3% triton (Sigma), 1% bovine serum albumin (Sigma),
and 10% goat serum (Sigma). Then they were incubated
in a diluted primary antibody solution (see Table 1) over-
night at 4°, and then washed in PBS before incubation
with diluted secondary antibody solution (see Table 2) at
room temperature for 2 h. Finally, the sections were washed
in PBS and mounted with fluorescein mounting medium
(Dako, Carpinteria, CA, USA).
BrdU Immunohistochemistry
For BrdU immunohistochemistry, sections were first
incubated in 4 N HCl (Sigma) for 20 min at room tem-
perature and then washed with 0.2 M borate buffer (pre-
pared in the laboratory, all reagents purchased from Sigma)
(pH 8.5) for 20 min before another PBS wash for 5 min.
Then the sections were processed for immunohistochem-
istry as described above.
For double/triple immunohistochemistry with BrdU sec-
tions, “relatively stable” antigens such as glial fibrillary
acidic protein (GFAP), a cocktail of mixed primary anti-
body solution was applied to tissue directly after the DNA
denaturation process. For some “fragile” antigens [antigen
reactivity lost after HCl treatment, such as doublecortin
(DCX) and polysialylated neural cell adhesion molecule
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(PSA-NCAM)], sections were first stained with the rela-
tive antibody to form a stable “antigen–primary antibody–
secondary antibody” complex; then the sections were “fixed”
in 4% PFA for 10 min before a PBS wash. Finally, the
sections were processed for BrdU immunohistochemistry
as previously described above (19).
Imaging
The slices were visualized with a Zeiss Axiophot
epifluorescence microscope (Zeiss LSM 510). The confocal
microscope was used to collect Z-stacks for 3D volumes
for analysis. Both bright field and fluorescent images were
collected sequentially.
RESULTS
General Morphology of Blood Vessels in RMS
We examined ink–gelatin-perfused brain sections under
light microscopy to investigate the general morphology of
blood vessels in RMS (Fig. 1). We found that the RMS
vessels contain a network of thinner vessels that are line-
arly aligned and directed to the OB, around 5 to 10 mm in
diameter (Fig. 1C, D). In contrast to this well-arranged pat-
tern, cortical vessels branched in multiple directions with no
uniform pattern formed (Fig. 1B). This linear pattern was
further confirmed by immunohistochemical staining of
some other blood vessel markers, such as cluster of
differentiation 31 (CD31), von Willebrand factor, isolectin-
fluorescein isothiocyanate, and wheat germ agglutinin–
rhodamine (data not shown).
Neural Stem Cells in RMS Lie Adjacent to Blood Vessels
We analyzed the distribution pattern of the immedi-
ately proliferating cells within the RMS area by sacrific-
ing animals shortly after a single pulse of BrdU injection.
We found that most proliferating cells were adjacent to
blood vessels (Fig. 2A–C). In order to find out whether
the proliferating cells are migrating neuroblasts generated
in the SVZ or local neural stem cells within the RMS, we
performed a label-retaining cell (LRC) assay and sacrificed
animals 1 month after multiple pulses of BrdU injection
(38). The newly generated cells migrated away, and the
BrdU-containing cells in situ are considered as putative
neural stem cells. Indeed, we found BrdU-labeled cells in
the RMS 1 month after BrdU injection (Fig. 2D–F),
located nearby blood vessels, with GFAP expression, sug-
gesting that these neural stem cells are actually astrocytes,
which is consistent with previous reports in hippocampus
and SVZ neurogenic niches (10).
Migrating Neurons Form Chains Surrounding
the Blood Vessel Scaffold
It was reported that newly formed neurons could form
chains and migrate along the RMS in a glia-independent
manner (41). We examined the spatial relationship between
these chains of new neurons and RMS blood vessels. We
found that in the RMS region, the chains of new neurons
attached to, and migrated over, a blood vessel scaffold
(Fig. 2G, H), showing a very close relationship between
Table 1. Primary Antibodies Used
Purpose Antibodies
Blood vessel markers Mouse anti-CD31 (Abcam, Hong Kong, China 1:100), rabbit anti-von Willebrand factor (vWF)
(Abcam, 1:500), Isolectin-FITC (Invitrogen, Hong Kong, China 1:100), rabbit anti-eNOS
(Thermo Scientific, Hong Kong, China, 1:100)
New neuron markers Rabbit anti-DCX (Abcam, 1:500; Cell Signaling, Danvers, MA, USA 1:400), mouse anti-PSA-
NCAM (Millipore, Billerica, MA, USA 1:400)
Glial cell markers Mouse anti-GFAP (Sigma, Hong Kong, 1:1,000), rabbit anti-GFAP (Sigma, 1:1,000),
rabbit anti-NG2 (Millipore, 1:500)
Proliferating cell markers Rat anti-BrdU (Abcam, 1:1,000)
Blood–brain barrier components and
associated cells
Rabbit anti-connexin-43 (CX43) (Millipore, 1:100), rabbit anti-CX26 (Millipore, 1:150),
rabbit anti-ZO-1 (Invitrogen, 1:100), rabbit anti-AQP4 (Millipore, 1:400), rabbit-nNOS
(Millipore, 1:500)
Trophic factors Rabbit anti-BDNF (Abcam, 1:100), rabbit-VEGF (Abcam, 1:500), rabbit-VEGFR1 (Abcam,
1:500), rabbit-VEGFR2 (Abcam, 1:500), rabbit anti-GDNF (Abcam, 1:50), mouse anti-IGF-1
(Lifespan Biosciences, Seattle, WA, USA 1:100), rabbit anti-p75 (Abcam, 1:200), rabbit
anti-TrkB (Abcam, 1:500)
CD31, cluster of differentiation 31; FITC, fluorescein isothiocyanate; eNOS, endothelial nitric oxide synthase; DCX, doublecortin; PSA-NCAM,
polysialylated neural cell adhesion molecule; GFAP, glial fibrillary acidic protein; NG2, neuron-glial antigen 2; BrdU, 5-bromo-2-deoxyuridine; ZO-1,
Zona occludens 1; AQP4, aquaporin 4; nNOS, neuronal NOS; VEGF, vascular endothelial growth factor; VEGFR1, VEGF receptor 1; GDNF, glial-
derived neurotrophic factor; IGF-1, insulin-like growth factor 1; p75, low-affinity nerve growth factor receptor; TrkB, tropomyosin receptor kinase B.
Table 2. Secondary Antibodies Used
Goat-anti-mouse Alexa 405, 488, 568;
Goat-anti-rat Alexa 568;
Goat-anti-rabbit 350, 488, 568 (Invitrogen, 1:200)
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new neuron migration and blood supply, which is distinct
from the fact that in the embryonic RMS the vasculature
does not support cell migration (29).
RMS Blood Vessels Are “Leaky”
To understand the unique property of the RMS vascu-
lature from other blood vessels, we tested the permeability
of blood vessels in the RMS region by transcardiovascularly
perfusing animals with sodium fluorescein solution (16)
(Fig. 3). After the perfusion, tissues with leaky blood
vessels would gain and retain fluorescence signal when
compared to brain tissues with intact BBB. We found that
the choroid plexus (Fig. 3C), or neurogenic regions such
as the SVZ (Fig. 3B), demonstrated a strong signal in
vessel-surrounding areas, indicating the leaky nature of the
tissue. While the prefrontal cortex showed no such perme-
ability (Fig. 3A), the RMS region contains mild levels of
fluorescence mimicking blood vessel patterns (Fig. 3D),
suggestive of enhanced vessel permeability.
Organization of BBB in RMS Vasculature
The BBB sets the level of blood vessel permeability.
BBB is mainly composed of endothelial tight junctions,
endfeet from astrocytes, as well as associated cells such
as pericytes (1). We first examined the expression of tight
junction marker Zona occludens 1 (ZO-1) on RMS blood
vessels with immunohistochemistry (Fig. 4). The results
showed that the ZO-1 staining pattern in the RMS was
much less dense than that in the cortex (Fig. 4C, D). In the
RMS, the reduction in signal density also appeared to form
a well-organized pattern that differed from normal BBB.
In addition, the marker of astrocytic endfeet, Aquaporin 4
(AQP4), also exhibited a similar pattern to the ZO-1
expression in the RMS (Fig. 4A), which is distinct from
the cortical regions as well (Fig. 4B). Pericytes visualized
with NG2 showed little difference from cortex. However,
the microglial cells in the RMS region are mainly peri-
vascular microglial cells that attach tightly to the vas-
culature with soma or by one to several processes
(unpublished data).
Gap junction proteins such as connexin-26 (CX26) and
connexin-43 (CX43) have been found to be necessary for
newly formed neurons to migrate along radial glial cells
during development (11). In the present study with the adult
brain, CX43 was found to have a rather specific localization
in the RMS region compared to other areas of forebrain and
Figure 1. Brain vasculature revealed by ink–gelatin perfusion method. (A) Scheme of a rat brain, showing the cortex (B), and two
RMS regions (C, D). RMS vasculature shows a scaffold-like pattern in an organized manner, while cortex vasculature was not
organized (scale bar: 200 µm). The arrows indicate the pattern of the blood vessels of interest.
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Figure 2. RMS vasculature serves as the cell proliferation niche and migration scaffold. BrdU-labeling of immediate proliferating
cells (A–C) and label-retaining cells (LRCs) (D, E). Green: CD31 staining; red: BrdU staining. (A) Within 2 h, immediate prolifer-
ating cells populate the vasculature in the RMS region (scale bar: 200 µm). (A) CD31 staining, (B) BrdU staining, and (C) the
merged image. (D) One month after pulse labeling, LRCs are observed in the RMS vasculature, adjacent to blood vessels (BVs)
(scale bar: 20 µm). (E) Confocal 3D view of (D) and the LRC (arrowhead in D) in relation to the BVs. Panels that are attached
(upper and right) show depth of the Z-stack centered at that cell location. The yellow in the cell indicates that it is next to the BV.
(F) The summary of distance relationships between the LRCs and BVs. Most LRCs are located very close to the BVs. (G, H) RMS
vasculature provides the scaffold of immature neuron migration. Green: isolectin labeling of BVs; red: polysialylated neural cell
adhesion molecule (PSA-NCAM) staining. (G) Immature neurons form chains that cross the vasculature scaffold (scale bar: 20 µm).
(H) Confocal 3D view of an immature neuron (arrowhead in G) in relation to the BVs. Panels that are attached (upper and right)
show depth of the Z-stack centered at that cell location. The new neurons are located in close relationship to BVs.
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was expressed in vessel-associated astrocytes with patchy
localization on RMS vessels (Fig. 5A–E), suggesting that
gap junctions could be formed between these astrocytes and
blood vessels within the RMS. On the other hand, CX26
was also expressed in blood vessel-associated astrocytes.
However, unlike CX43, the expression pattern of CX26 was
not organized in either RMS or in the cortex (Fig. 5F–I). It
is possible that these gap junctions are necessary for elec-
trical coupling and the exchange of small molecules within
the niche microenvironment (26).
VEGF Defines the Boundary of Neuroblasts Migration
VEGF guides the formation of new blood vessels and
has been proven to regulate adult neurogenesis when admin-
istered into neurogenic regions of the brain (18). Interest-
ingly, we found that VEGF is strongly and specifically
expressed in the RMS region when compared to the
surrounding brain regions (Fig. 6A). The existence of the
molecule was detected around the RMS (Fig. 6B–G).
The four-color colocalization image suggested that astro-
cytes were the source of VEGF within the RMS. We
Figure 3. RMS vasculature shows enhanced “leakiness” to small molecules, demonstrated by sodium fluorescein perfusion
approach. The scheme shows the different brain regions that are examined. (A) Prefrontal cortex, (B) lateral ventricle, (C) third ventricle,
(D) RMS (scale bar: 200 µm). RMS region exhibits a high level of fluorescence, similar to the ventricular regions, suggesting increased
vasculature permeability compared to the prefrontal cortex.
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further found that VEGFR1 located primarily on blood
vessels, while VEGFR2 mainly located on new neurons
(stained by DCX, a new neuron marker) (Fig. 6H–K and
L–N, respectively).
Trophic Factors From RMS
Vasculature-Associated Astrocytes
We further investigated for the presence of other tro-
phic factors that were known to regulate adult neurogen-
esis. We found that the RMS region contained numerous
trophic factors such as BDNF, insulin-like growth factor 1
(IGF1), and glial-derived neurotrophic factor (GDNF).
Colocalization immunohistochemistry identified that these
factors localized on vasculature-associated astrocytes
(Fig. 7A–D, E–H, and I–K, respectively).
Nitric Oxide Signaling Within RMS Vasculature
We found that endothelial nitric oxide synthase (eNOS)
is present at high concentrations in the RMS vasculature
(Fig. 8A–C), suggesting that endothelial-derived NO might
diffuse locally and contribute to the neurogenesis regulation.
In addition, neuronal NOS (nNOS)-positive neurons were
found occasionally along the RMS vasculature. However,
when compared to nearby tissues, the RMS region exhibited
fewer nNOS fiber innervations (Fig. 8D, E).
DISCUSSION
The RMS Vasculature Supports Adult Neurogenesis
The present study showed that RMS vasculature func-
tions as a specialized neurogenic niche. RMS contains a
number of proliferating cells along the blood vessels;
in addition, BrdU LRCs that are putative stem cells
were also found be adjacent to the vasculature. This is
consistent with the neurogenic niche in the SVZ, which
contains type C transient progenitor cells and type B
slow-dividing stem cells (4,32). As is the case for SVZ
neurogenesis, the RMS is able to generate both granule
and periglomerular cells in the OB; however, the pro-
cesses are separately regulated when compared with the
neurogenesis in the SVZ. For example, odor enrichment
led to increased cell proliferation in both the RMS and
SVZ, while chemical lesion of the olfactory epithelium
only upregulated RMS cell proliferation (3). Moreover,
neural progenitor cells transplanted into the RMS region
Figure 4. RMS vasculature shows decreased BBB components, including the astrocyte endfeet and the tight junction over the BVs.
Green: AQP4 staining; red: ZO-1 staining. (A and C) RMS; (B and D) frontal cortex. Both AQP4 and ZO-1 staining patterns are
different in the RMS compared to the cortex, showing a scaffold-like pattern, and are thinner (scale bar: 50 µm).
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were able to survive and give birth to new neurons within
the OB (4). Cell lineage tracing studies also revealed that
RMS and different regions within the SVZ could gener-
ate distinct subtypes of interneurons in the OB (5). In
the present study we showed that the RMS is an inde-
pendent neurogenic region in rodents, though develop-
mentally it belongs to a part of the ventricle extension.
During postnatal development, the closure of the olfac-
tory ventricle separated the RMS from the SVZ; the special-
ized vasculature in the RMS might provide an alternative
structure with enhanced molecule exchanges to perivascular
CSF. Therefore, the neural stem cells are in the best place
to sense the changes in the external environment and react
accordingly. As a “promigratory and development cen-
ter,” the RMS vasculature is unidirectional and has many
intervasculature spaces for cells to reside or migrate. Recent
reports also led to a similar conclusion for mice RMS
(35,40,44). We believe that such features may serve as a
common mechanism underlying long-distance neuronal
migration in higher vertebrates, including humans.
Figure 5. Gap junction proteins are expressed in the RMS region. (A–E) Connexin-43 staining, which forms a patchy pattern on
BVs. (A–D) Isolectin, connexin-43, PSA-NCAM, and merged image, respectively. (E) Magnified image of (D), showing the locali-
zation of connexin-43 in the RMS. (F–I) The connexin-26 protein is also expressed in the RMS region. (F–I) Isolectin, connexin-
26, PSA-NCAM, and merged image respectively (scale bar: 20 µm).
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Putative Neural Stem Cells in the RMS
In animals with single BrdU injection and sacrificed 2 h
later, the labeled cells are locally proliferating cells rather
than cells generated in the SVZ undergoing migration,
suggesting that RMS could give birth to new cells. Addi-
tionally, 1 month after pulse labeling, the newly generated
cells would migrate away, and the resident LRCs in the
RMS are thought to be the “grandmother-like” stem cells
or putative neural stem cells.
BrdU LRCs that are putative neural stem cells in the
neurogenic niche were found to be astrocytes, which
were also the case for both the hippocampus and SVZ
Figure 6. VEGF signaling is highly specific for RMS neurogenic region. (A) VEGF is rather selectively expressed in the RMS region,
compared to surrounding regions (scale bar: 100 µm); the blue square in (A) indicates the region where (B) is taken. (B–G) The source of
VEGF is astrocytes, with strong colocalization shown from confocal images (scale bar: 20 µm); the blue square in (B) indicates the region
where (G) is taken. (B–F) VEGF, isolectin, DCX, GFAP, and merged pictures, respectively. (H–N) The VEGF receptors expression pat-
tern in the RMS. VEGFR1 is mainly expressed on BVs (H–K), while VEGFR2 is mainly expressed on new neurons (L–N), suggesting
different signaling pathways of VEGF in regulating BV growth and new neuron production/migration (scale bar: 20 µm). (H–K) Isolectin,
VEGFR1, GFAP, and merged picture, respectively. (L–N) DCX, VEGFR2, and merged picture, respectively.
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neurogenic zones (10,25). Interestingly, these slowly dividing
cells could keep their complex morphology and elongated
processes (Fig. 2), suggesting that these cells would be
able to respond to different stimuli, such as the circulating
cytokines from the blood vessels. Recent evidences showed
that astrocytes could keep the morphology and functional
gap junctions during developmental proliferation (13);
whether this is also the case for neurogenic LRCs still
require further investigation.
Permeability of BBB Is Critical for the RMS Vascular Niche
One important feature of the RMS blood vessels is
that they were more “leaky” than that of nonneurogenic
regions such as the cortex. Similar vasculature has been
observed in injured brain tissues, which is often associ-
ated with migrating neuroblasts attracted to the wound
area (23). The underlying mechanisms could be compara-
ble, including the enhanced BBB permeability to small mol-
ecules, oxygen, and trophic factors from both endothelial
Figure 7. RMS vasculature is associated with the expression of different trophic factors. RMS vasculature is associated with the
expression of different trophic factors such as BDNF (A–D), IGF-1 (E–H), and GDNF (I–K). These trophic factors show
colocalization with astrocytes. (A–D) Isolectin, BDNF, GFAP, and merged picture, respectively. (E–H) Isolectin, IGF1, GFAP, and
merged picture, respectively. (I–K) GDNF, GFAP, and merged picture, respectively (scale bar: 20 µm).
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cell and vasculature-associated astrocytes. The perivascular
microglial cells could be another important source of cyto-
kine release upon brain insults as they are in the first
place to sense the information transported within the vas-
culature. Previous studies have showed that injury could
induce changes in BBB permeability, including altered
AQP4 expression in the injured regions (28). In our olfac-
tory tract transection model, we transected OB, which inhib-
ited the new neuron migration to the bulb, and the new
neurons thus would accumulate within RMS; we also
noticed that the expanded AQP4 scaffold structure was
colocalized to the increased area of new neuron migration
chains (unpublished data).
VEGF regulates the growth and permeability of local
blood vessels as well as being neurogenic (34). Therefore,
the continuous expression of VEGF could also contribute
to the “leaky” characteristic of the RMS vasculature.
RMS Vasculature as the Trophic Niche
VEGF was shown to directly stimulate cell prolifera-
tion and increase the survival of neural stem cells (18). It
was also found to be important in the formation of injury-
induced neurovascular niche as well as perivascular niche
for brain tumor stem cells (21,37,39). Infusion of VEGF
to normal brain regions induced ectopic neurogenesis and
attracted RMS neuroblasts to migrate out from the origi-
nal route (42). Therefore, the specific control of VEGF
expression within the RMS region is important and critical
for neurogenesis and cell migration. A recent study proved
that VEGF secreted by RMS astrocytes controlled the for-
mation and growth of blood vessels during development
of the RMS vasculature (6), highlighting the contributions
of surrounding glial cells to neurogenesis. Even though the
RMS new neurons migrate in a glial-independent manner
(41), the glial cells could play a role as regulators of or
permissive cues for neuronal migration.
We also found that in RMS vasculature-associated
astrocytes provided abundant sources of trophic factors,
including BDNF, IGF1, and GDNF. All of these trophic
factors have been proven to regulate neurogenesis, both in
embryos and adulthood (15,43). The migrating new
neurons also expressed some receptors of these trophic
Figure 8. eNOS and nNOS expression in the RMS vasculature. (A–C) Endothelial nitric oxide synthase (eNOS) is colocalized
with the vasculature (scale bar: 20 µm); (A–C) eNOS, isolectin, and merged picture, respectively. (D, E) nNOS cell bodies are not
found within the RMS (scale bar: 200 µm), while few axon terminals innervate the RMS region (scale bar: 50 µm).
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factors, including low-affinity nerve growth factor receptor
p75 and trkB (unpublished data), which is consistent with
previous findings (12,35,43). Further studies to identify the
mRNA localization of these trophic factors would be inter-
esting. In early development the overexpression of p75 is a
clear indicator of an early phenotype of a developing cell.
As the cells mature, there is a decrease in the p75 number
and an increase in other neurotrophic receptors. The regu-
lation of the cells has been shown to be controlled by the
expression and the balance of p75 versus trkB.
Nitric Oxide Signaling and Neurogenesis in RMS Region
In the present study we found that eNOS rather than
nNOS was located on the RMS vasculature, suggesting
the potential involvement of the vasculature in regulating
adult neurogenesis via NO signaling. One theory of why
endothelial cells could support stem cell proliferation in
vivo is that it could release NO, which was regulated by
blood flow during times of increased shear stress, as has
been shown in the development period (2). The “leaky”
vasculature of RMS permits the diffusion of NO into
nearby tissues easily and the short half-life of NO implied
that stem cells have to be located adjacent to the vascula-
ture. Possibly, the long and linearly arranged blood vessels
permitted better perfusion, which increased the local shear
stress on endothelial cells that would produce more NO.
NO is a shared regulator for many types of stem cells and
progenitor cells, including mesenchymal stem cells, embry-
onic stem cells, endothelial progenitor cells, muscle satellite
cells, and neural stem cells (9). It has been found that NO
participated in many processes of adult neurogenesis in
both the hippocampus and SVZ region (7), but with oppo-
site functions. For example, following brain ischemia,
eNOS upregulated neurogenesis of SVZ (8); additionally,
after injury, the inducible NOS (iNOS) activated neuro-
genesis in the dentate gyrus (46). While nNOS seemed to
be an inhibitor for adult neurogenesis as the administra-
tion of one nNOS blocker, Nw-nitro-L-arginine methyl
ester (L-NAME), showed enhanced neural stem cell
proliferation in the SVZ and RMS region (27). Therefore,
NO might function as the arbiter of neurogenesis,
depending on the source of releasing cells. Last but not
the least, the question of how the two isoforms of NOS
regulate the survival/death of migrating neuroblasts is
important as NO is also a regulator of cell apoptosis (20).
NO was found to contribute to the angiogenic proper-
ties of VEGF as well (31). As a short-life molecule, NO
presented the possibility for accurate and timely precise
modulation when combined with VEGF signaling. Modu-
lating NOS activity and VEGF signaling simultaneously
therefore provides an intriguing possibility to stimulate endo-
genous neurogenesis after brain injury. In addition, how
the NO signaling would interact with its other partners
(e.g., p75) in adult neurogenesis remains to be investigated.
For instance, p75-expressing neural progenitor cells
represented the BDNF-responsive neurogenic cells (43),
and the NOS activity could therefore be implicated in sur-
vival of these progenitor cells.
SUMMARY
The present study showed that RMS vasculature could
function as an independent neurogenic niche and facilitate
the migration of neuroblasts. The BBB organization is
specific with enhanced permeability so that the neural
stem cells could sense changes in the circulation. In addi-
tion, the “leaky” vasculature might support neurogenesis
by releasing NO and other trophic factors, partly by asso-
ciated astrocytes. The previous theory of “glial-independent
migration” in the RMS region based on morphology obser-
vation therefore might require modification, as the glial cells
might also be involved in another indirect manner regulat-
ing adult neurogenesis, such as contribution to the vascu-
lature organization. The fact that the RMS neurovascular
niche shared many characteristics with stem cell niches in
brain tumors and injury further implied that vasculature is
one common organization among diverse stem cell niches.
This knowledge might provide novel engineering targets
in developing treatments to brain injury or neurodegener-
ative disorders, such as the specialized VEGF signaling.
This may also explain why the OB is one of the few
places in the CNS that allows for regeneration in the adult.
ACKNOWLEDGMENTS: The study was supported by the Depart-
ment of Anatomy, University of Hong Kong. T.Y., Y.L., D.T., K.S.,
and R.E.-B. designed the experiment; T.Y. and Y.L. performed
the experiment; T.Y., Y.L., D.T., K.S., and R.E.-B. analyzed the
data and wrote the paper together. The authors declare no
conflicts of interest.
REFERENCES
1. Abbott, N. J.; Patabendige, A. A.; Dolman, D. E.; Yusof,
S. R.; Begley, D. J. Structure and function of the blood-brain
barrier. Neurobiol. Dis. 37(1):13–25; 2010.
2. Adamo, L.; Naveiras, O.; Wenzel, P. L.; McKinney-Freeman,
S.; Mack, P. J.; Gracia-Sancho, J.; Suchy-Dicey, A.;
Yoshimoto, M.; Lensch, M. W.; Yoder, M. C.; García-
Cardeña, G.; Daley, G. Q. Biomechanical forces promote
embryonic haematopoiesis. Nature 459(7250):1131–1135;
2009.
3. Alonso, M.; Ortega-Perez, I.; Grubb, M. S.; Bourgeois, J. P.;
Charneau, P.; Lledo, P. M. Turning astrocytes from the ros-
tral migratory stream into neurons: A role for the olfactory
sensory organ. J. Neurosci. 28(43):11089–11102; 2008.
4. Alvarez-Buylla, A.; Garcia-Verdugo, J. M. Neurogenesis in
adult subventricular zone. J. Neurosci. 22(3):629–634; 2002.
5. Alvarez-Buylla, A.; Kohwi, M.; Nguyen, T. M.; Merkle,
F. T. The heterogeneity of adult neural stem cells and the
emerging complexity of their niche. Cold Spring Harb.
Symp. Quant. Biol. 73:357–365; 2008.
6. Bozoyan, L.; Khlghatyan, J.; Saghatelyan, A. Astrocytes
control the development of the migration-promoting vascu-
lature scaffold in the postnatal brain via VEGF signaling.
J. Neurosci. 32(5):1687–1704; 2012.
388 YUAN ET AL.
7. Cardenas, A.; Moro, M. A.; Hurtado, O.; Leza, J. C.;
Lizasoain, I. Dual role of nitric oxide in adult neurogenesis.
Brain Res. Rev. 50(1):1–6; 2005.
8. Chen, J.; Zacharek, A.; Zhang, C.; Jiang, H.; Li, Y.;
Roberts, C.; Lu, M.; Kapke, A.; Chopp, M. Endothelial nitric
oxide synthase regulates brain-derived neurotrophic factor
expression and neurogenesis after stroke in mice. J. Neurosci.
25(9):2366–2375; 2005.
9. Dawson, T. M.; Dawson, V. L. Nitric oxide synthase: Role
as a transmitter/mediator in the brain and endocrine system.
Ann. Rev. Med. 47:219–227; 1996.
10. Doetsch, F.; Caille, I.; Lim, D. A.; Garcia-Verdugo, J. M.;
Alvarez-Buylla, A. Subventricular zone astrocytes are neural
stem cells in the adult mammalian brain. Cell 97(6):
703–716; 1999.
11. Elias, L. A.; Wang, D. D.; Kriegstein, A. R. Gap junction
adhesion is necessary for radial migration in the neocortex.
Nature 448(7156):901–907; 2007.
12. Gascon, E.; Vutskits, L.; Jenny, B.; Durbec, P.; Kiss, J. Z.
PSA-NCAM in postnatally generated immature neurons of
the olfactory bulb: A crucial role in regulating p75 expression
and cell survival. Development 134(6):1181–1190; 2007.
13. Ge, W. P.; Miyawaki, A.; Gage, F. H.; Jan, Y. N.; Jan,
L. Y. Local generation of glia is a major astrocyte source in
postnatal cortex. Nature 484(7394):376–380; 2012.
14. Gritti, A.; Bonfanti, L.; Doetsch, F.; Caille, I.; Alvarez-Buylla,
A.; Lim, D. A.; Galli, R.; Verdugo, J. M.; Herrera, D. G.;
Vescovi, A. L. Multipotent neural stem cells reside into
the rostral extension and olfactory bulb of adult rodents.
J. Neurosci. 22(2):437–445; 2002.
15. Hagg, T. From neurotransmitters to neurotrophic factors to
neurogenesis. Neuroscientist 15(1):20–27; 2009.
16. Hawkins, B. T.; Egleton, R. D. Fluorescence imaging of
blood-brain barrier disruption. J. Neurosci. Methods 151(2):
262–267; 2006.
17. Javaherian, A.; Kriegstein, A. A stem cell niche for interme-
diate progenitor cells of the embryonic cortex. Cerebral cor-
tex 19(Suppl 1):i70–i77; 2009.
18. Jin, K.; Zhu, Y.; Sun, Y.; Mao, X. O.; Xie, L.; Greenberg,
D. A. Vascular endothelial growth factor (VEGF) stimulates
neurogenesis in vitro and in vivo. Proc. Natl. Acad. Sci.
USA 99(18):11946–11950; 2002.
19. Jonas, R. A.; Yuan, T. F.; Liang, Y. X.; Jonas, J. B.; Tay,
D. K.; Ellis-Behnke, R. G. The spider effect: Morphological
and orienting classification of microglia in response to stim-
uli in vivo. PLoS One 7(2):e30763; 2012.
20. Kim, Y. M.; Bombeck, C. A.; Billiar, T. R. Nitric oxide as
a bifunctional regulator of apoptosis. Circ. Res. 84(3):253–
256; 1999.
21. Lee, C.; Agoston, D. V. Vascular endothelial growth factor is
involved in mediating increased de novo hippocampal neuro-
genesis in response to traumatic brain injury. J. Neurotrauma
27(3):541–553; 2010.
22. Louissaint, A. Jr.; Rao, S.; Leventhal, C.; Goldman, S. A.
Coordinated interaction of neurogenesis and angiogenesis in
the adult songbird brain. Neuron 34(6):945–960; 2002.
23. Massouh, M.; Saghatelyan, A. De-routing neuronal precur-
sors in the adult brain to sites of injury: Role of the vascula-
ture. Neuropharmacology 58(6):877–883; 2010.
24. Ming, G. L.; Song, H. Adult neurogenesis in the mamma-
lian brain: Significant answers and significant questions.
Neuron 70(4):687–702; 2011.
25. Ming, G. L.; Song, H. Adult neurogenesis in the mammalian
central nervous system. Ann. Rev. Neurosci. 28:223–250; 2005.
26. Mirzadeh, Z.; Merkle, F. T.; Soriano-Navarro, M.; Garcia-
Verdugo, J. M.; Alvarez-Buylla, A. Neural stem cells confer
unique pinwheel architecture to the ventricular surface in
neurogenic regions of the adult brain. Cell Stem Cell 3(3):
265–278; 2008.
27. Moreno-Lopez, B.; Romero-Grimaldi, C.; Noval, J. A.;
Murillo-Carretero, M.; Matarredona, E. R.; Estrada, C. Nitric
oxide is a physiological inhibitor of neurogenesis in the adult
mouse subventricular zone and olfactory bulb. J. Neurosci.
24(1):85–95; 2004.
28. Nesic, O.; Lee, J.; Ye, Z.; Unabia, G. C.; Rafati, D.;
Hulsebosch, C. E.; Perez-Polo, J. R. Acute and chronic
changes in aquaporin 4 expression after spinal cord injury.
Neuroscience 143(3):779–792; 2006.
29. Nie, K.; Molnar, Z.; Szele, F. G. Proliferation but not
migration is associated with blood vessels during develop-
ment of the rostral migratory stream. Dev. Neurosci. 32(3):
163–172; 2010.
30. Palmer, T. D.; Willhoite, A. R.; Gage, F. H. Vascular niche
for adult hippocampal neurogenesis. J. Comp. Neurol. 425(4):
479–494; 2000.
31. Papapetropoulos, A.; Garcia-Cardena, G.; Madri, J. A.; Sessa,
W. C. Nitric oxide production contributes to the angiogenic
properties of vascular endothelial growth factor in human
endothelial cells. J. Clin. Invest. 100(12):3131–3139; 1997.
32. Petreanu, L.; Alvarez-Buylla, A. Maturation and death of
adult-born olfactory bulb granule neurons: Role of olfaction.
J. Neurosci. 22(14):6106–6113; 2002.
33. Saghatelyan, A. Role of blood vessels in the neuronal
migration. Semin Cell Dev. Biol. 20(6):744–750; 2009.
34. Skold, M. K.; Kanje, M. Vascular endothelial growth factor
in central nervous system injuries - A vascular growth factor
getting nervous? Curr. Neurovasc. Res. 5(4):246–259; 2008.
35. Snapyan, M.; Lemasson, M.; Brill, M. S.; Blais, M.;
Massouh, M.; Ninkovic, J.; Gravel, C.; Berthod, F.; Gotz,
M.; Barker, P. A.; Parent, A.; Saghatelyan, A. Vasculature
guides migrating neuronal precursors in the adult mamma-
lian forebrain via brain-derived neurotrophic factor signal-
ing. J. Neurosci. 29(13):4172–4188; 2009.
36. Stubbs, D.; DeProto, J.; Nie, K.; Englund, C.; Mahmud, I.;
Hevner, R.; Molnar, Z. Neurovascular congruence during
cerebral cortical development. Cerebral Cortex 19(Suppl 1):
i32–i41; 2009.
37. Sun, Y.; Jin, K.; Xie, L.; Childs, J.; Mao, X. O.; Logvinova,
A.; Greenberg, D. A. VEGF-induced neuroprotection, neu-
rogenesis, and angiogenesis after focal cerebral ischemia.
J. Clin. Invest. 111(12):1843–1851; 2003.
38. Tavazoie, M.; Van der Veken, L.; Silva-Vargas, V.;
Louissaint, M.; Colonna, L.; Zaidi, B.; Garcia-Verdugo,
J. M.; Doetsch, F. A specialized vascular niche for adult
neural stem cells. Cell Stem Cell 3(3):279–288; 2008.
39. Wang, Y.; Jin, K.; Mao, X. O.; Xie, L.; Banwait, S.; Marti,
H. H.; Greenberg, D. A. VEGF-overexpressing transgenic mice
show enhanced post-ischemic neurogenesis and neuromigration.
J. Neurosci. Res. 85(4):740–747; 2007.
40. Whitman, M. C.; Fan, W.; Rela, L.; Rodriguez-Gil, D. J.;
Greer, C. A. Blood vessels form a migratory scaffold in
the rostral migratory stream. J. Comp. Neurol. 516(2):94–
104; 2009.
41. Wichterle, H.; Garcia-Verdugo, J. M.; Alvarez-Buylla, A.
Direct evidence for homotypic, glia-independent neuronal
migration. Neuron 18(5):779–791; 1997.
42. Wittko, I. M.; Schanzer, A.; Kuzmichev, A.; Schneider,
F. T.; Shibuya, M.; Raab, S.; Plate, K. H. VEGFR-1 regulates
389SPECIALIZED VASCULATURE IN THE RMS AS A NEUROGENIC NICHE AND SCAFFOLD FOR NEUROBLAST MIGRATION
adult olfactory bulb neurogenesis and migration of neural
progenitors in the rostral migratory stream in vivo. J. Neurosci.
29(27):8704–8714; 2009.
43. Young, K. M.; Merson, T. D.; Sotthibundhu, A.; Coulson,
E. J.; Bartlett, P. F. p75 neurotrophin receptor expression
defines a population of BDNF-responsive neurogenic pre-
cursor cells. J. Neurosci. 27(19):5146–5155; 2007.
44. Yuan, T. F.; Li, J.; Ding, F.; Arias-Carrion, O. Evidence of
adult neurogenesis in non-human primates and human. Cell
Tissue Res. 358(1):17–23; 2014.
45. Zhao, C.; Deng, W.; Gage, F. H. Mechanisms and func-
tional implications of adult neurogenesis. Cell 132(4):645–
660; 2008.
46. Zhu, D. Y.; Liu, S. H.; Sun, H. S.; Lu, Y. M. Expression of
inducible nitric oxide synthase after focal cerebral ischemia
stimulates neurogenesis in the adult rodent dentate gyrus.
J. Neurosci. 23(1):223–229; 2003.
390 YUAN ET AL.
